growth and reproduction of living organisms, and it is, therefore, apt to consider which thermal environments are most fit (1) for living organisms. For such a study, high-temperature environments are of especial interest, in that they reveal the extremes to which evolution has been pushed. The high-temperature environments most useful for study are those associated with volcanic activity, such as hot springs, since these natural habitats have probably existed throughout most of the time in which organisms have been evolving on earth.
A recent survey of the thermal waters of the world (2) provides a broad view of their distribution. The antiquity of many individual springs is noteworthy. Historical records of springs in the Mediterranean go back to the ancient Greeks and Romans (3, 4) . Chemical studies on mineral springs were initiated by Robert Boyle in the 17th century, and were greatly systematized in the 19th century by Bunsen (5) , who was apparently the first to see the value of chemical studies in interpreting the origin of hot springs. The early geochemical work is reviewed by Allen and Day (6) . Chemical analyses have also been made by balneologists seeking an explanation of the reputed curative properties of certain springs (7) . Unfortunately for the biologist, many (14) . Most of the surface of the earth has a moderate temperature, with an average of 12°C (15) . Biologists have dealt, for the most part, with organisms living at these temperatures, and most of our ideas of the temperature relations of organisms have been influenced by this fact (16) . Especially ideas concerning the thermal instalbility of enzymes and other proteins probably arise from the fact that those proteins studied have come from organisms that live always at moderately low temperatures.
Upper Temperature of Life
In antiquity, the presence of organisms in hot springs was noted. Pliny the Elder, in his Natural History, noted: "Green plants grow in the hot springs of Padua, frogs in those of Pisa, fishes at Vetulonia in Etruria near the sea" (17) . The hot springs at Padua (Abano) still flow, and they are colonized by blue-green algae, perhaps the green plants of Pliny. The algae of hot springs were described by many early workers (18) , but it was Ferdinand Cohn (19) Table 1 .
In evaluating these results, the problem of hafbitat suitability (other than temperature) and competition with other organisms merits attention. Thus, it is surprising that eucaryotic algae are not common at temperatures above 40°C, whereas eucaryotic fungi are found up to 60°C (14) . This difference may merely 'be due to the fact that the niche into which the eucaryotic algae could fit is already occupied by blue-green algae. This idea is strengthened by the observation that the eucaryotic alga Cyanidium caldarium does live at temperatures near 60°C (30) it falls off sharply as the temperature increases above 550C (34) . At temperatures close to the upper temperature for algal growth, the biomass is exceedingly sparse. It was thus of interest to know if the algae living at these high temperatures were optimally adapted to those temperatures. The effect of temperature on the rate of photosynthesis was measured with C1"O. for algae living at different temperatures along the thermal gradient of a single spring (35) . Typical temperature-rate curves, such as seen with individual species, were obtained, with well-defined optima. The optima were determined for a series of stations along the thermal gradient and then compared with the average environmental temperatures of these stations.
In each case. the optinLumn temperature was quite close to the environmental temperature. This was true even for algae from 720C, which are living at a temperature close to the upper limit for photosynthetic organisms.
Thus, even thouLgh this temperatuLre is Fig. 5 . Phase photomicrograph of bacteria which grew on a glass slide immersed in pool A (see Fig. 3 ) for 48 hours at 91.5°C. The marker is 10 ,. Fig. 6 . Phase photomicrograph of a bacterial filament which grew on a glass slide immersed in pool A (see Fig. 3 ) for 48 hours at 91.5°C. The twisted filament is reminiscent of forms seen in some low-temperature Flexibacteria (27). The marker is 10 u.
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The stability of the protein-synthesizing machinery is likely to be of more importance than the stability of individual proteins, since there is nothing to replace the protein-synthesizing machinery if it is destroyed. A cell is not a phoenix, able to arise out of its own ashes. There is good evidence (37, 42) that the ribosomes and the proteinsynthesizing machinery (as measured in vitro with systems of artificial messengers) of a thermophile are more stable than those of a mesophile. The heat stability of solu-ble RNA (sRNA) and DNA would never seem to be a problem, since even sRNA and DNA of mesophiles are quite stable in the kind of ionic environment found in the cell. Finally, there is no evidence that organisms are killed by heat because of the inactivation of proteins or other macromolecules. An analysis of thermal-death curves of various organisms shows that this is a first-order process. Thermal killing due to the inactivation of heat-sensitive enzymes or heat-sensitive ribosomes, of which there are many copies in the cell, should not result in simple first-order kinetics (38) . However, first-order kinetics are compatible with an effect of heat on some large structure, such as the cell mem;brane, since a single hole in the membrane could result in leakage of cell constituents and subsequent death. In psychrophilic bacteria, thermal death (at temperatures around 250 to 30°C) seems to be due to damage to the cell membrane and subsequent lysis (40) .
Hence the molecular mechanism of thermophily is possibly related to the stability of the larger membrane structures that are held together by the weak bonds that are likely to be broken by high temperature. The inability of eucaryotes to grow at temperatures as high as procaryotes may be due to the more complicated mem;brane systems of eucaryotes in their membranebound organelles: nuclei, mitochondria, chloroplasts. Extending this further, the reason why photosynthetic procaryotes cannot grow at temperatures as high as nonphotosynthetic ones may be because of the greater complexity of the photosynthetic membrane system. Even among the blue-green algae, the morphologically and biochemically more complicated nitrogen-fixing forms are not found at temperatures as high as non-nitrogen-fixers (31) .
Are Life Processes Faster at High Temperatures?
One of the key arguments against the concept of vitalism was that living organisms obeyed the Arrhenius equation relating reaction rate to temperature. However, a point which seems to have been overlooked throughout the history of kinetic biology (43) I have summarized the data on the growth rates of various bacteria at their optimum temperatures (Table 2) . These data were olbtained on organisms grown in rich media which probably permitted the maximum growth rate, and in each case the investigator attempted to provide sufficient aeration so that oxygen did not become a limiting factor.
The data are plotted in the Arrhenius manner in Fig. 7 ; also included is the Arrhenius curve for the growth of Escherichlia coli at various temperatures at and below its optimum (44) . All of the points for the composite curve fall on a line which generally trends upward, but is much shallower than the curve for E. coli. Since Arrhenius curves for both mesophiles and thermophiles alone show not dissimilar slopes (45), we can assume that each individual species would give a slope similar to that of E. coli. However, since the slope of the collected data is much shallower, we see that thermophiles do not grow as fast at their optima as one would predict (46 4) The molecular mechanism of thermophily is more likely to be related to the function and stability of cellular membranes than to the properties of specific macromolecules. In bacteria, where species have been studied with optima from 15°to 70°C, we may conclude from the limited data that each organism has many enzymes which are stable at the optimum temperature of the organism, but not at temperatures too much higher. This suggests that organisms do not evolve proteins which are much more stable than they need to be. Thus, there may be some advantage to the organism in synthesizing denaturable proteins. There may be a relation 'between protein denaturability and current ideas concerning induced fit and allosteric interactions of enzymes. The study of the kinetic properties of a sin-1018 gle enzyme which is present in a wide variety of bacteria with differing temperature optima would provide an excellent contribution to our understanding of molecular evolution.
5) Although thermophiles grow
somewhat faster at their optima than do mesophiles and psychrophiles at their optima, the increases are considerably less than would be predicted from the Arrhenius equation. This suggests that thermophiles, even though optimally adapted to their environments, are not able to make full use of their thermal environment.
6) In general, the temperature optima of organisms are not easily changed 'by mutation. On the other hand, thermophilic bacteria and algae are clearly related taxonomically to mesophilic species, and it seems reasonable that one group is derived from the other. One hypothesis has been that thermophilic organisms are relicts, and were more widely distributed on the earth in times when it was hotter than it is today. In this respect, it is interesting that fossil microorganisms in ancient rocks, such as the Gunflint Chert (2 x 109 years old) greatly resemble some of the Flexibacterales seen in hot springs today. It is not inconceivable that thermophilic microorganisms are related to primoridal forms which gave rise, through many mutations followed by selection, to mesophilic and psychrophilic forms. In the 1960's tension has developed between support of university research by federal agencies for its "product values" and support for its "process values." Properly directed, this tension can be a creative one. Improperly directed, it can harm the university research enterprise in the United States.
The distinction between the process and the product values of university research should be recognized for purposes of analyzing federal universityresearch programs and formulating federal policies for the support of uni- 24 NOVEMBER 1967 versity research. In this article I analyze the differences between these values and suggest policy lines for the creative direction of the tension between them.
The Product Values
The product values are the values to federal agencies, to scientists, and to the public of the information produced. University research has four primary product values: the value of the information produced to agencies in the performance of their missions in defense, space, health, agriculture, and so on; the value of the information produced for the advancement of science as a worthwhile end in itself, and as a desirable cultural process; the value of the information produced to members of the public, particularly in civilian collective consumption sectors such as air supply, water supply, public health, public transportation, and public safety; and the value of the information produced as an element in economic growth.
Since publication of Science-The Enidless Frontier in 1945 (1), the basic justification given for federal support of university research has been the potential or immediate value of the information produced. Year 
